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Abstract :
The physical mechanisms underlying bubble formation from a needle in a co-flowing liquid environment at high
Reynolds numbers are studied in detail with the aid of experiments and boundary-integral numerical simulations.
To determine the effect of gas inertia the experiments were carried out with air and helium. The influence of
the injection system is elucidated by performing experiments using two different facilities, the first one ensures a
constant gas flow-rate penetrating the bubbles while in the second one the gas is injected through a needle directly
connected to a chamber whose pressure remains constant during the bubbling event. In the case of constant flow-
rate injection conditions, the bubbling frequency has been shown to hardly depend on the gas density, however, in
the case of constant pressure supply conditions, the bubble size strongly depends on the density of the gas through
the pressure loss along the gas injection needle.
1 Introduction
The exhaustive theoretical, numerical and experimental effort dedicated to study the break-up
of liquid jets in air is justified not only by their importance in technological applications but
also by their widespread presence in daily life. The first, well known, analytical study about the
break-up of liquid jets was performed by Rayleigh (1878), although the role of capillarity was
previously described by Savart (1833) and Plateau (1873). However, although the generation
of bubbles is a phenomenon as common as the drop formation, and of great relevance in a large
number of industrial processes, our knowledge of the bubble formation process is still far from
being fully complete. Thus, the main purpose of the present paper is to provide with a detailed
description of the entire bubble formation process using in a co-flowing geometry. In particular,
we will provide with experimental and numerical evidences that support the key role of the gas
inertia during the latest instants of the bubble formation process. The existing coupling between
the gas injection system and the bubble growth, and subsequent collapse, will also be elucidated
by performing experiments using two different facilities.
2 Experimental setup
The experimental facility used in the present study, shown in Fig. 1 (a), consisted of a vertical
water jet discharging downwards from a cylindrical reservoir of 21 cm in diameter and 4.5 cm
of length trough a nozzle of 8 mm of diameter. A perforated plate and a piece of calming foam
were placed inside the water vessel to attenuate any possible disturbances produced when the
water discharges into the vessel. The gas stream was injected coaxially to the water jet with
a hypodermic needle whose length, l, and inner and outer radii, ri and ro respectively, were
1
18 ème Congrès Français de Mécanique Grenoble, 27-31 août 2007
4.5 cm
                
                
                
                
                
                
                
                
                
                
                
                
                













                    
                    


                     
                     


                
                
                
                
                
                
       
       
                
                
                
                
                






 
 





8 mm
Injection needle
Water jet
Perforated plate
Water supply
21 cm
Pc Vc
Pc Vc
uo
ρo
P0
valve
valve
(a)
(b)
Kv
Kv
Qc
Qc
∆p(t)
P0
∆p(t)thin capillary, radius  ri
coflow nozzle, radius rw
l
ρi
2 ro
2 ri
Qi
Qi (t)
Figure 1: a) Sketch of the water nozzle. b) Detail of the two different experimental set-ups used in the
present work. In set-up 1 constant flow conditions are ensured by placing a very thin capillary tube just
upstream from the injection needle, while in set-up 2 the gas feeds the needle directly from a chamber of
volume Vc  l r2i .
Exp. Set-up ri ro l Exp. Set-up ri ro l
I 1 0.600 0.750 120 VI 2 0.419 0.635 585
II 1 0.400 0.600 120 VII 2 0.292 0.451 215
III 1 0.250 0.400 120 VIII 2 0.597 0.8255 200
IV 2 0.597 0.8255 245 IX 2 0.419 0.635 200
V 2 0.419 0.635 240 X 2 0.400 0.600 17
Table 1: Geometrical properties of the different needles used in the experiments. Here, ri and ro are the
inner and outer radius of the air injection needle, while l denotes its length.
varied depending on the experimental set (see table 1). The water flow was supplied from a
constant pressure tank, and controlled with a flow-meter provided with a high precision valve.
The gas flow (either air or helium) was supplied from a pressurized bottle and precisely con-
trolled with a Fisher Bioblock Scientific mass flow-meter. The measurements were performed
by recording the images of the coaxial jet with a Photron APX RS high-speed camera at a rate
that varied from 30000 f.p.s, with a resolution of 256 x 256 pixels, to 50000 f.p.s. with a 256 x
128 pixel resolution. There are many studies in the literature which show that the gas feeding
system may affect the formation of bubbles either through the pressure drop across the injection
needle, Og˜uz and Prosperetti (1993), or due to acoustic effects, Johnsson et al. (2002). One of
the purposes of the present work is to analyze the effect of the injection conditions on the bub-
ble formation process. Such effect will be elucidated by using the two different experimental
configurations, hereafter referred to as set-ups 1 and 2, sketched in Figs. 1(b). As illustrated
in Fig.1 (b), the main difference between both configurations is that in setup 1 the gas stream
flows through a very thin capillary tube before heading the injection needle. The pressure drop
along the capillary tube is much larger than the pressure fluctuation at the needle exit, ∆p(t),
ensuring a constant gas flow-rate feeding the bubble, Qi, during the bubble formation process.
However, in setup 2 the injection needle is directly connected to a chamber whose volume Vc is
much larger than the volume of the needle, Vc  pir2i l. As a consequence, depending on the
needle geometry, Qi may vary during the bubble formation period.
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Figure 2: Comparison of the experimental visualizations with the numerical simulations atWeo = 48.23.
a) U= 3.09, b) U= 3.77.
3 Results
In the following we will describe the experimental results obtained using the two experimental
set-ups described in section 2 and compare them with numerical simulations.
3.1 Constant flow rate injection conditions
In this subsection we compare the results of experiments performed with setup 1 and the nu-
merical results obtained from the simulations performed with the Boundary Integral Method
(BIM) at constant flow rate conditions. Although both the non-linear evolution of the bubble
interface and the coupling with the injection needle are taken into account in our approach, we
can anticipate that there will be some differences between the numerics and the experiments.
The discrepancies can be partly attributed to the fact that the vorticity is confined within an
infinitely thin layer in the BIM approach. Moreover, in the simulations we assumed that the
gas is injected through a needle of zero wall thickness and radius ro. However our experiments
revealed that, after exiting the needle through the inner radius, ri, the radius of the gas interface
expands to a value close to ro a few radii downstream of the needle exit. Figure 2 shows the
good agreement obtained between the numerical simulations and the experimental visualiza-
tions for Weber number Weo = 48.23, and two different values of the gas-to-liquid velocity
ratio, U . The images were taken using the experimental set III of table 1. In addition, Figure
2 also indicates that the bubbling time decreases when U increases for a fixed value of Weo.
Similar images obtained at different values of the Weber number indicate that the bubbling fre-
quency increases with Weo for a fixed value of U . Consequently, both the shear and the surface
tension forces contribute to accelerate the bubble formation process. Making use of the numer-
ical simulations, we examined the mechanisms leading to the bubble growth and subsequent
break-up in detail. First, to analyze the effect of the gas inertia on the bubble formation process,
we compared the high-speed visualizations with the numerical simulations performed includ-
ing the gas convective terms as well as neglecting them. The results of these comparisons are
displayed in Fig. 3, where the simulations without gas inertia, Fig. 3(b), follow the observed
experimental behavior except during the final instants previous to pinch-off. In effect, note that
in the last frame of Fig. 3(b), τ ≈ 8.9, the neck of the gas stem is still collapsing in the nu-
merical simulations while the bubble has already detached from the needle in the experimental
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Figure 3: Comparison of the experimental visualizations with the numerical simulations at Weo=15.75
and U= 3.84: a) with gas inertia, and b) without including gas inertia.
visualizations. On the other hand, as seen in Fig. 3(a), the whole process is very well captured
if gas inertia is included; the neck forms at τexp ≈ 4.9 and the bubble pinches-off at τb ≈ 7.3 in
both the numerical simulations and in the corresponding experiment. This result indicates that
the pressure drop along the minimum radius, rn, promoted by the gas convective acceleration
(the suction mechanism already described in Sevilla et al. (2005) and Gordillo et al. (2005),
is not relevant to describe the initial time evolution of the bubble interface, although it is es-
sential to describe the latest stages of the breakup process. Moreover, the suction mechanism
also explains the discrepancy between the slender, symmetric evolution of the neck provided by
the numerical simulations which do not include gas inertia Gordillo et al. (2005); Bergmann
et al. (2006) (Fig. 3b) and the non-slender, asymmetric evolution of the neck observed at the
final instants of pinch-off Gordillo et al. (2005) (Fig. 3a). In order to provide with additional
evidence of the relevance of gas inertia in the description of bubble break-up, we carried out a
series of experiments with the geometrical configuration reported in set II of table 1, but using
helium as working fluid instead of air, for the same values of Qi, uo and ρo as in previous ex-
periments performed with air (ρair/ρhe ' 6.72). Although we found that the density of the gas
did not significatively affect the bubbling frequencies at constant flow conditions, the geometry
of the formed bubbles differs substantially from each other. These differences can be explained
in terms of the different inertia of the gas flow through the neck. Note that the pressure inside
the gas ligament in the region near the neck decreases as the density of the gas increases and,
consequently, the efficiency of the suction mechanism already mentioned before also increases.
The negative pressure inside the neck accelerates the liquid flow surrounding it, what produces a
liquid jet penetrating into the newly formed bubble at a given velocity once the bubble detaches
from the gas stem. To quantify this effect, we considered the singular liquid jets that penetrate
into the gas bubbles immediately after their pinch-off, and that are typical of a large number of
cavity collapse processes. Moreover, we estimated the characteristic axial velocity of the water
jet entering the gas bubble obtaining approximately 5 m s−1 for air bubbles, and approximately
3 m s−1 for helium bubbles. Thus, it seems clear that the velocity of the water jet penetrating
the bubble is substantially larger in air than in helium, what leads to the different geometries
observed.
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Figure 4: Dependence of the bubbling frequency with Uc for air (circles) and helium (triangles) at two
different values of the Weber number, a) Weo= 15.75 and b) Weo= 24.61. The corresponding bubble
diameter is shown in Figs. c) and d) respectively. Here CFC indicates constant flow-rate conditions and
NCFC non-constant flow-rate conditions.
3.2 Injection conditions at constant pressure supply
This subsection provides with experiments and numerical simulations where constant flow rate
conditions are no longer ensured. The interest of this study relies on the fact that the cost
of producing bubbles needs to be minimized in practical, engineering applications, such as
chemical reactors or fluidized beds. Indeed, injection at non-constant flow rate conditions is
given whenever the pressure drop from the gas reservoir to the needle exit is of the order of (or
lower than) the pressure fluctuations at the needle exit, ∆ p. This contrasts with the much larger
pressure drop along the feeding line which is usually necessary to ensure constant flow-rate
conditions. In our case, the non-constant flow rate experiments were performed using setup
2, with needles shorter than those used in the constant flow rate experiments (see table 1). As
will be shown below, under the same operating conditions, i.e uo, the gas flow rate injected
into the feeding chamber, Qc, and ro, the bubble formation frequencies obtained under constant
pressure supply conditions are lower than their constant flow rate counterparts and, therefore,
the equivalent diameter of the resulting bubbles is larger. Moreover, in the present case, the
bubble formation frequency strongly depends on the pressure drop along the feeding line (the
“flow resistance” in Og˜uz and Prosperetti (1993)), indicating that the bubbling frequency and
bubble size vary with the gas density, gas viscosity, and the geometry of the injection system.
Thus, both the fact that the resulting bubbles are bigger than in the case of constant flow rate,
and that the process depends on a large number of control parameters, constitute a drawback of
these types of injection systems. Fig. 4 shows that, under not constant flow rate conditions, the
bubbling frequency decreases as the gas density decreases (helium bubbles). Also notice that,
for a given gas, the bubbling frequency obtained at constant flow-rate conditions is considerably
larger than that obtained at constant pressure supply conditions. The periodicity of bubble
production implies that the averaged flow rate during a bubbling period is equal to the gas flow-
rate injected into the chamber, Qc = V (tb)/tb, where tb indicates the break-up time. Therefore,
under the same operating conditions, (Weo, Uc) and needle radius, ro, the size of the bubbles
is smaller under constant flow-rate conditions than under constant pressure supply conditions.
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Moreover, under constant pressure supply, the air bubbles are consistently smaller than the
helium bubbles. These conclusions are general and valid in the whole range of parameters
explored.
4 Conclusions
We have studied the mechanisms underlying the periodic formation of gas bubbles within a lam-
inar, high Reynolds number liquid jet both experimentally and with the aid of boundary-integral
numerical simulations. Two different experimental setups were considered in order to elucidate
the role of the gas injection system. In the case of constant pressure supply conditions, the bub-
ble size strongly depends on the pressure drop along the feeding line and, consequently, on the
density of the gas injected. This dependence makes the control of the bubble formation process
considerably more difficult than in the constant flow-rate case. Furthermore, under the operat-
ing conditions reported here, the equivalent diameter of air and helium bubbles is, respectively,
about 10% and 20% larger than the constant flow-rate counterpart. In addition, the experiments
show that, under constant pressure supply, helium bubbles are approximately 10% larger than
air bubbles due to the gas density effect on the bubbling process. Another conclusion which
can be extracted from the present work concerns the essential role of gas inertia in the descrip-
tion of the latest stages previous to pinch-off. Indeed, experiments and numerical simulations
retaining gas inertia remarkably agree both in the geometry of the bubbles and in the time scale
throughout the whole bubble formation process. However, simulations neglecting gas inertia
do not reproduce the experimentally observed behavior at times close to pinch-off. Moreover, a
final evidence of the effect of gas inertia on the final instants of the bubbling process has been
reported analyzing the velocity of the liquid jets penetrating the forming bubble at the break-up
moment. The experiments performed under the same operating conditions with air and helium
indicated that the velocity of the penetrating jets were considerably smaller in the cases of he-
lium bubbles than in the cases of air bubbles, what demonstrate the key role of gas inertia in jet
formation.
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